Abstract. This paper discusses the retrieval of ice crystal shapes of cirrus clouds on a global scale using observations collected with POLDER-1 (POLarization and Directionality of the Earth Reflectance) onboard the ADEOS-1 platform. The retrieval is based on polarized bidirectional observations made by POLDER. First, normalized polarized radiances are simulated for cirrus clouds composed of ice crystals that differ in shape and are randomly oriented in space. Different values of cloud optical depths, viewing geometries and solar zenith angles are used in the simulations. This sensitivity study shows that the normalized polarized radiance is highly sensitive to the shape of the scatterers for specific viewing geometries, and that it saturates after a few scattering events, which makes it rapidly independent of the optical depth of the cirrus clouds. Next, normalized polarized radiance observations obtained by POLDER have been selected, based on suitable viewing geometries and on the occurrence of thick cirrus clouds composed of particles randomly oriented in space. For various ice crystal shapes these observations are compared with calculated values pertaining to the same geometry, in order to determine the shape that best reproduces the measurements. The method is tested fully for the POLDER data collected on January 12, 1997. Thereafter, it is applied to six periods of 6 days of observations obtained in January, February, March, April, May, and June 1997. This study shows that the particle shape is highly variable with location and season, and that polycrystals and hexagonal columns are dominant at low latitudes, whereas hexagonal plates occur more frequently at high latitudes.
In the present paper we present results of retrieving ice crystal shapes on a global scale using POLDER-1/ADEOS-1 data. This work is a first attempt to retrieve the particle shape from polarized bidirectional observations in the visible domain. The POLDER instrument characteristics are presented in section 2. In section 3 the ice crystal shapes considered in this study are discussed, as well as the radiative transfer code used to compute the normalized polarized radiance. Section 4 is devoted to the definition of criteria that will be used to select POLDER data suitable for the retrieval of ice crystal shape. In section 5, results of 1 day of observations are first presented as a test case, and then results of analyzing six periods of 6 days of POLDER observations are presented. Section 6 summarizes the results and discusses the limitations of the method used. The conclusions as well as possible future improvements are given in section 7.
POLDER Instrument
The POLDER instrument [Deschamps et al., 1994] has been designed to measure normalized total radiances (L, Heymsfield, 1975 ; Krupp, 1991 ; Miloshevich and Heymsfield, 1996) . They also showed that the shape of the crystals depends on latitude, altitude, and on the conditions during formation of the cirrus clouds. These ice crystal shapes are sometimes simple, like plates or columns with a hexagonal base, and sometimes very complicated, like bullet rosettes or dendritic particles. The hexagonal structure is regularly observed, which is consistent with the fact that liquid water naturally solidifies in a hexagonal structure. On the basis of these local observations we have selected various typical ice crystal shapes to study the sensitivity of polarized radiance with respect to the particle shape. The selected shapes are (1) simple ice crystals, like columns and plates, with a shape ratio Qsr=L•R (L is the length of the crystal, and R is the radius of the circumscribed hexagonal base) which ranges from 0.05 to 2.5 [Wendling et al., 1979; Takano and Liou, 1989] , and (2) more complex polycrystalline particles [Macke et al., 1996] which were used for ISCCP ice cloud optical depth retrieval. It should be noted that we used the symbol Q instead of Qsr in our figures.
The complete scattering matrix has been computed for randomly oriented particles having these shapes, by using a raytracing method supplemented by Fraunhofer diffraction (cf. Macke et al. [1996] for the polycrystals and Brogniez [1988] and Chepfer [1997] for the hexagonal particles). At the wavelength used (865 nm), the absorption by ice is very low [Warren et al., 1986 [Warren et al., , 1988 
where ,u• is the cosine of the solar zenith angle.
Simulations
In this sub-section, simulated values of normalized polarized radiances at 865 nm are presented for cirrus clouds. Results for various ice crystal shapes, different viewing geometries, and several solar zenith angles are given in order to describe the sensitivity of the polarized signal to these parameters. A wavelength of 865 nm is used because the contribution of scattering by molecules located above cirrus clouds is low at this wavelength. As an example, for a cirrus cloud top located at 530 hPa, the contribution of Rayleigh scattering to the normalized polarized radiance reaches a maximum of 0.0022 for a solar zenith angle equal to 40 ø . This contribution decreases with the cloud pressure. As we do not have reliable information on the cirrus cloud top pressure observed with POLDER, we have chosen to neglect the contribution of the Rayleigh scattering in our computations and consider it as an uncertainty. Figure 2 shows that the normalized polarized radiance increases with the cloud optical depth until it saturates for optical depths higher than 4. For thicker clouds the polarized radiance is independent of the optical depth.
The normalized polarized radiance has been computed for different particle shapes in order to study the sensitivity of the signal to the particle type. The cloud optical depth was chosen to be 5 to ensure a saturated signal. Plate 1 shows polar diagrams of the saturated normalized polarized radiance (Ln, p sat) computed for hexagonal compact crystals with a shape ratio Qsr=l, hexagonal columns with Qsr=2.5, polycrystalline particles, hexagonal plates with Qsr=0.1, and hexagonal plates with Qsr=0.05. This plate illustrates the high sensitivity of the saturated normalized polarized radiance to the ice crystal shape. The high sensitivity of the polarization to the particle shape was also revealed by lidar linear depolarization observations [Sassen, 1991] . That Ln,p is much more sensitive to particle shape than the normalized total radiance (Ln) was also found with the airborne version of In the following sections the POLDER-saturated normalized polarized radiances measured above cirrus clouds are compared to calculated values to infer a global map of ice crystal shapes. In comparison to the normalized total radiance (L,), the saturated normalized polarized radiance (Ln, p sat) has the advantage of being independent of the cirrus cloud optical depth. As soon as the cloud optical depth is higher than 4, it only depends on the viewing geometry and the solar zenith angle. Consequently, the particle shape obtained by comparing saturated normalized polarized radiance observations and simulated values concerns only the upper layer of the cirrus clouds (i.e., the first few orders of scattering).
Selection of POLDER Observations
The detection of ice cloud pixels well suited for ice crystal shape determination is based on successive tests on the normalized total radiances and normalized polarized radiances collected by POLDER. The first test concerns the cloud detection (cloudy pixels), the second test concerns the cloud thermodynamical phase which in the present study is used to select ice clouds only, the third and fourth tests are applied to select cirrus clouds composed of ice crystals randomly oriented in space. These different tests are briefly described below (for more details, see Chepfer et al. [1999] 3.The third and fourth tests aim at selecting ice clouds composed of particles randomly oriented in space. The third test aims at selecting pixels for which the POLDER views the direction of specular reflection. POLDER observes a given target in 12 to 14 different directions. To detect specular reflection, these directions have to include (1) the specular reflection direction itself, which corresponds to a viewing zenith angle (0v) equal to a solar zenith angle (0s) in the solar principal plane ½v=180ø), and (2) neighboring directions to detect the presence of a peak. These geometrical constraints strongly reduce the number of pixels available for this study. The fourth test enables us to detect clouds composed of particles randomly oriented in space. It consists in removing pixels for which the polarized normalized radiance presents a peak in the specular direction. The peak is identified when the bi-directional normalized polarized radiance in the specular (Ln,p,spec) direction (+/-2 ø) has a greater value (5) are not satisfied, the cirrus cloud is considered to be composed of particles randomly oriented in space, and the pixel is selected for the particle shape determination.
The various tests described above enable selection of pixels corresponding to thick ice clouds for which the ice crystals can be assumed randomly oriented. For those pixels the saturated normalized polarized radiances measured with POLDER can be compared with simulated values (compare section 3) in order to characterize the shape of ice crystals. When the POLDER instrument sees one pixel in 14 different viewing directions, the shape retrieval procedure is applied to each suitable direction. Next, for a given pixel, a quality indicator (at) is computed for each shape model. We use 6g=N./Ntot, where Ni is the number of times for which the shape" i "has been obtained, and Nto t is the total number of shape retrievals for the pixel concerned. Finally, for a given pixel, the retrieved shape is considered reliable if Nto t • 2 and at > 0.5. Usually, Ntot takes values between 2 and 5, and at is higher than two thirds. This test reduces the number of pixels for which the ice crystal shape is retrieved, but it prevents nonreliable shape retrievals. Figure 4a shows an example of comparisons between observations and simulations for one pixel observed on January 2, where 0s = 34 ø. The saturated normalized polarized radiance simulated for the appropriate viewing directions is plotted as a function of the scattering angle for the five different shapes. In this case the pixel is observed for three different directions (Ntot = 3) corresponding to the big dots in Figure 4a . Each of these observations is compared to simulations and flagged with the particle shape that agrees best. For example, Figure 4a shows that all three observations are flagged as "plates Qsr=O.1. ". Further, this retrieval is considered reliable because the quality factor at=3/3=l. Repeating these comparisons for each selected pixel yields a map of ice crystal shapes for January 2, 1997 (Figure 4b ). This map shows that few pixels can be used for the shape retrieval. As shown in Figure 4b , closely spaced pixels can correspond to different particle shape. The heterogeneous geographical distribution of these pixels is the result of the successive tests applied to the POLDER observations (section 4b), namely, (1) only latitudes between 90øS and 40øN were covered in January, (2) only ice clouds pixels were selected, (3) only pixels corresponding to cirrus clouds composed of particles randomly oriented in space have been used for this study (i.e., the specular direction needs to be observed, and the specular reflection peak has to be absent), (4) only pixels with viewing geometries sensitive to the particle shape (in polarization) have been retained.
Analyzing six Periods of 6 Days
To obtain more information about the global distribution of ice crystal shapes, we have processed six periods pertaining to 6 days collected in January, February, March, April, May, and June 1997. Figure 5 presents the results obtained for the period January 1-6, 1997, and confirms the latitudinal distribution of the pixels used for the particle shape retrieval. This distribution is mainly due to the constraints on POLDER viewing geometry imposed by the selection procedure. In addition, it shows a lack of continuity between pixels located above land and above ocean surfaces, which is probably due to the different cloud detection schemes used above land and sea. A main difference between the schemes is that the cirrus clouds retained for the shape retrieval are very thick above oceans in order to avoid sea glitter and to properly determine the ice crystal orientation in space.
To obtain information about the latitude variation of the particle shape, 30 ø latitude intervals are considered and a histogram is made of the retrieved shapes in each interval. Figure  6a shows the number of pixels used for the shape retrieval for each latitude interval. Figures 6b to 6e show the percentage of each shape retrieved in each latitude interval. In January the Intertropical Convergence Zone (ITCZ) is located between 0 ø and 30 ø south, and the columns dominate there (Figure 6c ). The two histograms corresponding to the adjacent latitude intervals (Figures 6b and 6d ) are highly similar, showing that the dominant particle shape composing cirrus clouds is symmetrical with respect to the ITCZ. Figure 6e shows that at high latitudes the hexagonal plates occur more frequently compared to low latitudes.
The results obtained in the period June 1-6, 1997, are presented in Figure 7a to 7e. In that period the ITCZ was located in the 0ø-30øN interval. The dominating ice crystal shape in that interval is the hexagonal compacts (Q,,r=l) and the column shape is the second most frequent. In contrast to January, in June the dnminnnt ice crystal shape is not the same in the adjacent latitude bands (Figures 7c and 7d) . Plates (Qsr=0.1) are dominant in the 30 ø to 60øN latitude band, whereas the columns are dominant in the 0 ø to 30 ø S band. As in January, the dominant particle shapes at high latitudes (Figure 7e) are the plates and polycrystals.
The results obtained for six different periods of 6 days are presented in Table 1 . The polycrystals and hexagonal columns are classified in one single category since their polarization signatures are nearly the same (section 3.2). Table 1 shows that in general, the polycrystals and hexagonal columns occur most frequently globally, whereas at high latitudes the hexagonal plates occur more frequently. Table 2 
Discussion
Several points concerning the results mentioned above will be addressed here.
1. On the one hand, the accuracy of the polarized radiance measured with POLDER is better than 0.001, so measurement inaccuracies will not affect the shape retrieval significantly. On the other hand, the POLDER spatial resolution is 6x6 km at nadir, which means that the retrieved shape is an average shape corresponding to an area of at least 6x6 km.
2. The observations have been compared to several apriori models. In this respect, two remarks are in order. (1) The shape retrieval concerns only cirrus clouds composed of randomly oriented ice crystals, because the radiative transfer code that we used assumes random orientation in space of the scattering particles. Selecting pixels with randomly oriented ice crystals strongly reduces the number of pixels available for shape retrieval. In the future a similar method could be used to retrieve the shape of ice crystals that are horizontally oriented in space, as soon as radiative transfer codes become available that are able to handle such oriented particles. (2) Five different models for the ice crystal shapes have been considered. We do not pretend to reproduce all the cases encountered in nature. Nevertheless, we have noted that in most cases the polarized signature can be reproduced by one of the models considered. In the future, other shapes, based on cloud microphysical models, could be taken into account (as soon as the complete scattering matrix becomes available) in order to obtain more realistic particle shapes.
Several insitu observations have shown that cirrus clouds
are often composed of ice crystals with a mixture of particle shapes. Such cirrus clouds have not been considered in this study, as it would have added an additional degree of freedom to the calculations. Including a particle shape distribution would increase the number of possible solutions. Hence the retrieved shape is an effective or average particle shape except, perhaps, for particle shapes corresponding to the extreme curves shown in 1997 ß January 1st to 6th observations have been done in cirrus cloud during the POLDER-1/ADEOS-1 mission. Hence future validation is required using two approaches: (1) comparisons with in situ microphysical samples collected with an aircraft in cirrus clouds during the POLDER-2/ADEOS-2 mission, (2) comparisons with retrieved shapes deduced from forthcoming space-borne observations, using retrieval techniques based on other physical methods.
Conclusions
In this paper, normalized polarized radiance observations obtained with POLDER have been used to retrieve the shape of ice crystals that compose cirrus clouds. The method applied in this study is completely new as it uses polarization to retrieve the ice crystal shape. This method has three main advantages in observations: (1) the normalized polarized radiance (Ln,p) is much more sensitive to a change in particle shape than the normalized total radiance, (2) the normalized polarized radiance (Ln,p) allows discrimination between ice and liquid clouds, without additional information on the cloud temperature or altitude, and (3) the normalized polarized radiance is saturated after a few scattering events and therefore independent of the cloud optical depth provided the cirrus cloud is sufficiently thick. Thus one degree of freedom has been removed from the shape retrieval procedure, as compared to a method based on total normalized radiance (Ln)
observations. The main limitation of the method is that the retrieved particle shape pertains to ice crystals contained in the higher sublayers of the clouds. This study is based on analyzing observations collected during six periods of 6 days in January, February, March, April, May, and June 1997. It is shown that the shape of ice crystals varies strongly spatially. Our analysis yielded the following conclusions: (1) the distribution of ice particle shape seems to be symmetric on both sides of the ITCZ (at least in January), (2) the polycrystals and hexagonal columns seem to dominante at low latitudes, whereas the hexagonal plates seems to occur more frequently at high latitudes. This latitudinal distribution of ice particle shapes may be due to the conditions during formation of In a follow-up study the 8 months of POLDER observations might be analyzed in order to obtain more data on the natural variability of the shape of ice crystals in cirrus cloud on a global scale. Finally, the next launch of ADEOS-2 and EOS-AM should provide the opportunity to derive global maps of crystal shape simultaneously with different instruments using independent retrieval methods, in order to validate the latitudinal shape distribution obtained in the present study.
